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The fusion of synaptic vesicles (SVs) at the presynaptic transmitter release face is gated by
Ca2+ inﬂux from nearby voltage-gated calcium channels (CaVs). Functional studies favor
a direct molecular “tethering” attachment and recent studies have proposed a direct link
to the channel C-terminal. To test for direct CaV–SV attachment we developed an in vitro
assay, termed SV pull-down (SV-PD), to test for capture of puriﬁed, intact SVs. Antibody-
immobilized presynaptic or expressed CaV2.2 channels but not plain beads, IgG or pre-
blocked antibody successfully captured SVs, as assessed by Western blot for a variety of
protein markers. SV-PD was also observed with terminal fusion proteins of the distal half
of the C-terminal, supporting involvement of this CaV region in tethering. Thus our results
support a model in which the SV tethers directly to the CaV. Since the tip of the C-terminal
could extend as far as 200 nm into the cytoplasm, we hypothesize that this link may serve
as the initial SV capture mechanism by the release site. Further studies will be necessary
to evaluate the molecular basis of C-terminal tethering and whether the SV binds to the
channel by additional, shorter-range attachments.
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INTRODUCTION
The general sequence of processes that precede release of transmit-
ters from presynaptic terminals at fast synapses is well established:
a transmitter ﬁlled vesicle that docks to the membrane is gated
to fuse and discharge its contents by the inﬂux of Ca2+ ions
through voltage-gated calcium channels (CaVs). It is now gen-
erally accepted that the relationship between these two elements
is very intimate (Stanley, 1997; Mulligan et al., 2001; Lisman et al.,
2007; Bucurenciu et al., 2008; Eggermann et al., 2011; Schmidt
et al., 2013). The ﬁnding that a single channel can gate fusion local-
ized the synaptic vesicle (SV) to individual CaV Ca2+ domains
provided the ﬁrst functional evidence for SV “tethering” (Stanley,
1993) and a putative scaffold-like structure, linking presynap-
tic calcium channels to the SV, has been imaged by electron
microscope (EM) tomography (Harlow et al., 2001).
The simplest mechanism to ensure close SV and channel asso-
ciation is via a direct molecular tether (Figure 1A) and a variety
of proteins that might contribute to channel-SV tethering have
been reported (Saisu et al., 1991; Sheng et al., 1994; Coppola et al.,
2001; Kiyonaka et al., 2007; Kaeser et al., 2011). A current hypoth-
esis is that the SV can bind directly to the channel and that this
is via a link to the distal tip of the channel C-terminal (Kaeser
et al., 2012). However, this concept is based on indirect observa-
tions, such as yeast two-hybrid analysis of protein interactions,
and has never been tested directly. Our primary object was to
test if SVs can bind directly to calcium channels. We used chick
brain as the experimental material and devised a cell-free assay
in which we tested if immobilized presynaptic CaV2.2 calcium
channels (the predominant presynaptic CaV in chick; Stanley and
Atrakchi, 1990; Stanley, 1991; Gruner and Silva, 1994; Sivaramakr-
ishnan and Laurent, 1995) could capture sucrose gradient-puriﬁed
chick brain SVs in vitro. We tested for SV capture by standard
Western blot for signature vesicle proteins and report the ﬁrst
direct evidence of channel-SV binding. The idea that the SV
can bind to the distal C-terminal was tested by using the same
SV capture method but with a C-terminal fusion protein as the
bait.
MATERIALS AND METHODS
DISSECTION AND PREPARATION OF FRESH BRAIN FRACTIONS
All chemicals were from Sigma-Aldrich Co. unless otherwise
noted. Embryonic chick brains were dissected and fractionated
as described (Huttner et al., 1995; Juhaszova et al., 2000; Wong
and Stanley, 2010) with minor modiﬁcations (Figure 1B). Chick
brains ranging from E15 to E17 were removed and washed quickly
in an ice-cold sucrose-based homogenization buffer [(HB; 0.32 M
sucrose, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) pH 7.4, 2 mM ethylenediaminetetraacetic acid
(EDTA)] and homogenized using 10 strokes with a glass homoge-
nizer (Thomas Scientiﬁc) inHB supplementedwith 1mMphenyl-
methanesulfonylﬂuoride (PMSF; Roche) and protease inhibitor
cocktail. Homogenized brains were then spun at 1000 × g to pel-
let nuclear and cellular debris. The resulting supernatant (S1) was
pooled and spun in a Beckman ultracentrifuge at 250,000 × g
(Type 70 Ti rotor; all rotors were Beckman) for 35 min to pellet
(P2). P2was resuspended inHB towash and the spinwas repeated.
P2 was loaded onto a differential sucrose gradient 0.32 M (sam-
ple)/0.8/1.2 M (sucrose) and centrifuged at 100,000 × g (SW41
rotor) for 1.5 h and without a brake during deceleration.
Synaptosomes were isolated from the 0.8/1.2 M sucrose inter-
face and spun at 20,000 × g (Type 70Ti rotor) and washed in HB
to remove sucrose. The synaptosomes were lysed by osmotic shock
with a HEPES-based lysis buffer (50 mM HEPES pH 7.4, 2 mM
EDTA, supplemented with 1 mM PMSF and protease inhibitor
cocktail) and centrifuged at 165,000 × g (Type 70Ti rotor) for
4 h or overnight. The resulting pellet, P2’, was resuspended in
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FIGURE 1 | (A) Hypothetical model of SV tethering. The SV is tethered
directly to the calcium channel. (B) Synaptosome membrane and synaptic
vesicle puriﬁcation protocols (see Materials and Methods).
0.2 M HEPES-buffered sucrose and loaded onto a discontin-
uous sucrose gradient (sample/0.4/0.6/0.8/1.0 M sucrose) and
centrifuged at 100,000 × g (SW41 rotor) for 1.5 h without brak-
ing. Enrichment of synaptosomes was demonstrated by Western
blot which showed retention of surface membrane marker pro-
teins (CaV2.2, Na/K ATPase) and SV proteins [(synaptotagmin-1
(STG1), VAMP (vesicle associated protein-2)] with exclusion of
markers for Golgi (GM130) and endosomes (early endosome
marker-1, EEA1; Figure 3B).
Vesicles were isolated from the 0.2 M/0.4 M layer inter-
face, diluted in 0.1 M HEPES-buffered sucrose and pelleted at
215,000 × g (SW60 rotor). A presynaptic membrane-enriched
fraction (synaptosomes are composed of presynaptic nerve ter-
minal together with an attached “scab” of the postsynaptic
apparatus), and termed “synaptosome surface membrane,” was
isolated from the 0.8/1.0 M interface of the same spin and was
washed by dilution in HB and re-centrifuged.
Puriﬁed vesicles (P4) were resuspended in HB or modiﬁed
radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris–
HCl pH 7.4, 1 mM EDTA, 150 mM NaCl, 1% NP-40, 0.5%
Na deoxycholate; supplemented with 1 mM PMSF and pro-
tease inhibitor cocktail; herein RIPA) and membranes (P2′′) were
solubilized in RIPA buffer and passaged 3× in a 30½ G syringe
FIGURE 2 | (A–C) Biochemical methods (see text). (A) Immuno-
precipitation (IP) and SV-immunoadsorption (SV-IA). P1, P2, P3, and P4 are
hypothetical SV proteins. P1, P3, and P4 are integral vesicle proteins while
P2 is a vesicle-associated protein (bound to an integral protein). P4 is also
the putative tether attachment protein, as ﬂagged by the asterisk.
(B) Protein pull-down (PD) and whole SV pull-down (SV-PD). (C)The four
methods compared using the SV protein, VAMP as the SV marker. Lanes 1
and 2:Western blot lanes demonstrate VAMP in the “detergent-free” (HB)
and “detergent-containing” (RIPA buffer) samples adding ∼4% of the
sample used for IPs. Lane 3: VAMP was detected after SVs were captured
by SV-IA using anti-STG1. Lane 4: Anti-STG1 failed to capture VAMP from
solubilized SVs because these two proteins are not direct binding partners.
Lane 5: CaV2.2 channels were immobilized from synaptosome membrane
lysate and incubated with a suspension of SVs and pull-down VAMP. Lane
6: CaV2.2 channels failed to capture VAMP from solubilized SVs.
before use in experiments. Concentrations of brain fractions
were determined using the Bradford concentration assay (Brad-
ford reagent) and DU640 spectrophotometer (Beckman Coulter).
Varying concentrations of bovine serum albumin (BSA) were used
as standards and standard curves were plotted before determining
the approximate concentration of the samples.
CaV2.2 EXPRESSION
CaV2.2 channels were expressed as described (Chan et al., 2007).
Brieﬂy, plasmids encoding rat CaV2.2 subunits (α1B, α2δ, and
β1b) in pMT2 vector for expression in mammalian cell lines
were all kindly provided by Dr. T. Snutch (University of British
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FIGURE 3 | Characterization of chick brain fractions. (A)Western blot of
fractions from the ﬁrst sucrose gradient probed for EEA1 (EEA1, early
endosome marker 1) and (GM130 Golgi matrix protein 130), markers of
endosome and Golgi membranes, respectively. Crude m., crude brain
membranes; SSM, synaptosome. (B) Sucrose gradient fractions probed for
synaptic vesicle (STG1, VAMP), Golgi (GM130) and two surface membrane
makers, CaV2.2 and Na/K (Na/K ATPase). SSM m., synaptosome membrane;
SV, synaptic vesicle. (C)Western blots comparing proteins in the
synaptosome surface membrane and SV fractions. The same protein load was
added to each lane. Purity of the SV fraction is indicated by the enrichment of
SV2 and VAMP. However, many proteins generally associated with one or
other compartment were present in both, including Rab3a, STG1, synapsin,
STX1, and SNAP25. CaV2.2 serves as a surface membrane marker. See
Figure 1 for the fraction origins.
Columbia). tSA201 cell lines (kindly provided by Dr. L. C.
Schlichter, Toronto Western Research Institute) were transfected
with CaV subunits using Lipofectamine 2000 according to man-
ufacturer’s instructions in Dulbecco’s modiﬁed Eagle’s medium
(DMEM) medium (Invitrogen). DMEM was removed approxi-
mately 4–5 h after transfection and replaced with DMEM contain-
ing 1% penicillin–streptomycin (Invitrogen) and 10% fetal bovine
serum(Invitrogen). Approximately 48h after transfection, the cells
were collected and solubilized in RIPA buffer supplemented with
1 mM PMSF and protease inhibitor cocktail.
WESTERN BLOT
Immunoprecipitation (IP) complexes were washed with either HB
(intact vesicles) orRIPAbuffer (solubilized vesicles ormembranes)
ﬁve times before adding 4× Laemmli sample buffer (Bio-Rad)
with 5% β-mercaptoethanol, and boiled for 5 min at 100◦C to
denature proteins. Samples were placed on ice to stop the reaction
and spun quickly to pellet IP complexes. Approximately 10 μl of
Precision Plus kaleidoscope protein ladder (Bio-Rad) or 1.5–2 μg
sample was loaded onto each lane of 8%/12% acrylamide (Sigma)
step gradient separating gels with a 4% acrylamide stacking gel
for sodium dodecyl sulfate polyacrylamide gel electrophoresis
[SDS-PAGE; all Bio-Rad except for tetramethylethylenediamine
(TEMED) which is Bioshop]. Proteins were transferred onto
Immobilon-P polyvinylidene ﬂuoride (PVDF) membranes (Bio-
Rad) and blocked for 1 h with 5% skim milk (Bioshop) in 1×
TBS-T (10 mM Tris–HCl pH 8.0, 150 mM NaCl, 0.1% Tween-20;
all Bioshop). Membranes were immunoblotted for 2 h at room
temperature or overnight at 4◦C in 5% milk in TBS-T. Blots
were washed three times with TBS-T for 10 min each and then
incubated with goat anti-mouse or goat anti-rabbit secondary
antibody conjugated to horseradish peroxidase (1:3000; Jackson
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ImmunoResearch) in 5% milk in TBS-T for 1 h at room temper-
ature. Blots were washed three times with TBS-T for 10 min each
and treated with enhanced chemiluminescence reagent (Amer-
sham Biosciences) for 3 min before exposure to ﬁlm (Denville
Scientiﬁc Inc.). Films were developed using the Konica SRX-101A
developer and scanned as JPEG images using a Canon Canoscan
LiDE 25 Scanner. Western blots of the starting material loaded a
high 4%, and/or low 1.5% fraction of protein input, labeled as SV
(h) and SV (l), respectively.
ANTIBODIES AND OTHER MATERIALS
Antibodies used in this study are listed in Table 1. Ab571, the
primary antibody used in this study, was raised against chick
CaV2.2 and has been characterized extensively (Li et al., 2004)
including identiﬁcation of the captured target channel by mass
spectroscopy (Gardezi et al., 2010). L4569 has also been demon-
strated to identify the long-splice, release site-associated, variant
of the channel (Khanna et al., 2006b). Inevitably, commercial
polyclonal Abs often exhibited variability between batches, affect-
ing the band patterns and target protein-detection reliability,
a problem that was noted in particular for anti-VAMP (see
below).
ANTIBODY IMMOBILIZATION AND CaV2.2 CAPTURE
Antibodies (see Table 1) were immobilized to either protein A
agarose (for rabbit polyclonal antibodies) or protein G sepharose
beads (for mouse monoclonal antibodies) for at least 4 h in
1× phosphate buffered saline (PBS; Gibco). Antibody–bead
complexes were washed four times with PBS and then incubated
overnight on a rotator at 4◦C with solubilized presynaptic mem-
branes (IP) already pre-cleared for 1 h with protein A/G beads
to capture proteins. CaV2.2 was immobilized as above (see also
Li et al., 2004; Wong and Stanley, 2010). Brieﬂy, Ab571 was
incubated in 1× PBS (Gibco) with protein A agarose beads at
4◦C for 4 h or overnight. The antibody–bead complexes were
washed four times with PBS, incubated for 15 min with high salt
(RIPA + 1.15 M NaCl; Khanna et al., 2006a), and washed four
times with RIPA buffer prior to incubation with puriﬁed synap-
tosome membrane lysates (see Results). Several standard controls
were used, including plain beads and pre-immune antibody. In
addition, we pre-blocked Ab571 with the peptide used for its
immunopuriﬁcation (3 mM, for 2 h at 4◦C) before washing and
brain fraction incubation.
GENERATION OF FUSION PROTEINS
Chick E15 brain mRNA was used to synthesize cDNA using the
reverse transcriptase II enzyme (Invitrogen). cDNA was used as
a template for reverse transcription polymerase chain reaction
(RT-PCR). For C3strep a PCR fragment of the CaV2.2 long-
splice (cdb1) variant (aa 2138–2357) was inserted into the TA
cloning vector pCR2.1 (Invitrogen) and cut out at EcoRI and XhoI
sites, then subcloned into pPr-IBA (IBA) expression vector. The
DNA sequence in frame was conﬁrmed by sequencing after trans-
formation into DH5α competent cells (Invitrogen). Constructs
were transformed into BL21 (DE3; Invitrogen) for fusion protein
production.
Table 1 | Antibodies used in this study.
Antibody Target Poly/mono Source IP dilution WB dilution
Ab571 Cav2.2 II–III loop P E. F. Stanley (Li et al., 2004) 1:400 1:2000
EEA1 Early endosome M BD Bioscience – 1:2000
FLAG FLAG P Cell Signalling Technology – 1:4000
GM130 Golgi P Sigma-Aldrich Co. – 1:2000
HPC-1 Syntaxin 1A M Sigma-Aldrich Co. – 1:5000
L4569 (Cav2.2) Cav2.2 distal C-terminal P E. F. Stanley (Khanna et al., 2006b) – 1:2000
Munc18 Munc 18-1 P ABR – 1:2000
Na/K ATPase Na/K ATPase M Santa-Cruz Biotechnology – 1:1000
Rab3a Rab3a M Synaptic Systems GMBH – 1:1000
RIM1 RIM (non-speciﬁc) M BD Biosciences – 1:1000
RIM1a RIM (RIM1 speciﬁc) P Synaptic Systems GMBH – 1:2000
RIM2 RIM (non-speciﬁc) P Synaptic Systems GMBH – 1:2000
SV43574 SNAP25 M Sternberger Monoclonals Inc. – 1:2000
Strep Strep M Sigma-Aldrich Co. – 1:1000
SV2A SV2A M Synaptic Systems GMBH – 1:1000
SV2A SV2A P Synaptic Systems GMBH 1:400 1:2000
ASV30 Synaptotagmin M Abcam Inc. 1:400 1:1000
Synapsin 1 Synapsin P Synaptic Systems GMBH – 1:1000
VAMP2 (EMD) VAMP2 P EMD Chemicals – 1:1000
VAMP2 (Enzo) VAMP2 P Enzo Life Sciences – 1:1000
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FUSION PROTEIN PURIFICATION
Fusion proteinswere grown and puriﬁed using standard protocols.
C3s trep bacteria pellets were resuspended in lysis buffer (0.1 M Tris
pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.1% Triton X-100, 1 mM
PMSF and protease inhibitors) before sonication using 20 bursts
for 5–10 s each and incubation on ice for 30 min. Lysates were then
vortexed, incubated on ice for 30 min and centrifuged. The super-
natant was incubated with strep-tactin superﬂow beads (IBA) for
2 h on ice and washed three times with lysis buffer. Protein was
eluted with elution buffer (0.1 M Tris pH 8.0, 150 mM NaCl,
1 mM EDTA, 0.1% Triton X-100, 1 mM PMSF plus 10 mM D-
desthiobiotin), collected and injected into a Slide-A-Lyzer 10 K
dialysis cassette (Pierce) and dialyzed against PBS with 0.05% Tri-
ton X-100 and 1 mM PMSF at 4 C for 24 h. Protein yield was
analyzed using SDS-PAGE and Coomassie blue gel staining by
comparison with BSA standards.
INTERACTION ASSAYS
All assays utilized puriﬁed SVs as the starting material either solu-
bilized in detergent-containing RIPA buffer or suspended intact in
HB. These SV lysates and SV suspensions were used in four main
biochemical assays as illustrated (Figures 2A–C).
In the ﬁrst pair of methods (Figure 2A) an antibody against
an SV protein was immobilized on precipitation beads. These
were then used either to capture the protein plus its bind-
ing partners from solubilized SVs, by standard pull-down (IP;
Figure 2A, left), or to capture the entire SV from the suspension
by immunoadsorption (IA; Figure 2A, right).
We combined pull-down (PD) with IA to as an assay for SV
tethering, using CaV2.2 itself as a “bait” (Figure 2B, right). The
channel was ﬁrst captured by IP from solubilized synaptosome
membrane (RIPA) with immobilized Ab571. The beads were then
washed thoroughly (as above) inRIPAbufferwith high salt (1.15M
NaCl) to shed associated proteins (Khanna et al., 2006a) and then
in HB to remove any detergent. Immobilized CaV2.2 were then
incubated with suspended SVs and SV capture was assayed by WB
using several protein markers. This is in essence a “synaptic vesicle
pull-down” method from which we derive the term SV-PD. It is
also possible to incubate the immobilized bait with solubilized SVs
to test for direct protein binding (Figure 2B, left); a more standard
PD approach using an antibody-immobilized bait.
Anti-STG1 or immobilized CaV2.2 was used to contrast the
outcome of these methods in a single blot with VAMP as the SV
marker (Figure 2C). Since STG1 and VAMP are not binding part-
ners, anti-STG1 antibody failed to co-IP VAMP from solubilized
SVs. However, anti-STG1 captured VAMP by IA as part of the
intact SV. Similarly, immobilized CaV2.2 did not recover VAMP
from an SV lysate but did as part of the intact SV. These results are
discussed in detail below.
QUANTITATIVE ANALYSIS
Blots were exposed to ﬁlm for varying durations ranging from a
few seconds to overnight permitting us to select exposures where
the band for the protein of interest was within the dynamic range
of the ﬁlm, as assessed visually by the absence of band saturation.
Using the gel scanning programUN-SCAN-IT (Silk Scientiﬁc Inc.)
we measured the intensities of the protein (x), the corresponding
control (c), and the Western blot [wb, using the vesicle (l) lane]
band intensities. The scanning program reads an unstained region
of the blot to correct for background and yield the speciﬁc signal
intensities xi, ci, andwbi. Experiments in which the intensity of the
control lane (strep vector)wasmore than 50%of the vesicle (l) lane
were not analyzed further. We determined X, the captured protein
intensity as: X = xi − ci. Finally, to permit comparison of captured
protein intensities between different experiments, we normalized
these values to wbi to give us Xnorm: Xnorm = X/wbi. [In exper-
iments without a SV(l) lane we estimated the wbi value from the
mean SV(l)/SV(h) value for that protein]. The normalized val-
ues were used to calculate the mean (X¯norm) and standard error
(SE) for each measurement (in dimensionless units, U), omitting
any values that were X¯norm ± (2 × SD). Signiﬁcant PD was tested
using a one-sample t-test (pt = 0) with the null hypothesis that
X¯norm = 0, with pt = 0 < 0.05 considered signiﬁcant.
RESULTS
SYNAPTIC VESICLE PROTEIN MARKERS
Western blot was used to conﬁrm puriﬁcation of synaptosomes
fromothermembrane compartments including endosomes, Golgi
(Figure 3A) endoplasmic reticulum (using anti-calnexin, data not
shown) and puriﬁcation of the synaptosome membrane and SV
fractions after the second sucrose gradient (Figures 3B,C). The
virtually complete exclusion of Na/K ATPase and the CaV2.2 itself
from the SVs fraction conﬁrms the enrichment of the latter frac-
tion by the second sucrose gradient centrifugation step, consistent
with numerous previous studies (e.g., Huttner et al., 1995; Juhas-
zova et al., 2000; Wong and Stanley, 2010). The purity of the SVs
is supported by the enrichment of key marker proteins such as
SV2, VAMP, and Rab3a interacting molecule (RIM). Canonical
SV proteins can also reside in the nerve terminal surface mem-
brane consistent with their exchange during the SV cycle, and
some, such as STG1 (Khanna et al., 2006a), appear to be invariably
present. It should be noted that the soluble N-ethylmaleimide-
sensitive factor (NSF) attachment protein receptor (SNARE)
proteins syntaxin 1 (STX1) and synaptosomal-associated protein
of 25 kDa (SNAP25), which are generally regarded as surface
membrane components, are also present also in SVs (Walch-
Solimena et al., 1995; Takamori et al., 2006) and can serve as SV
markers.
NATIVE CaV2.2 CAN CAPTURE INTACT SVs
We ﬁrst tested if CaV2.2 channels could capture SVs in vitro by
SV-PD (see Figure 2B, right). This required combined IP/PD
experiments and were technically challenging. After discovering
that freeze/thaw resulted in a reduced repeatability, all experi-
ments were carried out on fresh brain fractions, limiting us to
about one experiment a week. Some non-speciﬁc binding, evi-
dent as protein bands on the control beads, is to be expected with
detergent-free buffer experiments but could not be detected until
the ﬁnal blots were viewed. An experiment was deemed accept-
able when positive control test bands were unquestionably darker
than controls to the unaided eye; where this was not the case the
experiment was discarded.
We ﬁrst immobilized CaV2.2. To ensure that the channels
would be typical of presynaptic terminals, which are known to
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include the longC-terminal splice variant (Maximov andBezproz-
vanny, 2002; Khanna et al., 2006b), we used freshly prepared
synaptosome membranes as the CaV2.2 source. These were solu-
bilized andCaV2.2 was captured by standard IP (Figure 4A). Since
presynaptic CaV2.2 co-IPswith a number of release site-associated
proteins (Sheng et al., 1998; Khanna et al., 2007) which might
interfere with the SV-PD assay, the CaV2.2-beads were rinsed
thoroughly in a high salt wash to facilitate shedding of weakly
associated binding partners (Khanna et al., 2006a). After rewash-
ing inHB, immobilizedCaV2.2were virtually free of SV-associated
proteins, as assessed by WB (Figure 4B; but note a faint recovery
of STX1with CaV2.2, consistent with previous reports; Saisu et al.,
1991; Sheng et al., 1994; Li et al., 2004) and were incubated with
the SV suspension to permit SV capture. The beads were rewashed
and analyzed for captured proteins by standard WB. A number of
SV marker proteins were recovered by the immobilized CaV2.2
(Figures 4C,D), including STG [0.41 ± (SE)0.13 U, N = 10;
pt = 0 < 0.01) and SV2 (0.27 ± 0.06 U, N = 6; pt = 0 < 0.05)
consistent with captured of the intact SV (SV-PD). The mean nor-
malized band intensity for RIM was much higher but failed to
reach signiﬁcance due to a greater variability (0.930 ± 0.396 U,
N = 6; pt = 0 = 0.065). This interpretation was supported by neg-
ative results with controls: plain IP beads or immobilized Ab571
pre-blocked with its afﬁnity-puriﬁcation peptide (Li et al., 2004)
failed to SV-PD (N = 3; Figure 4C). Thus, we conclude that
presynaptic terminal CaV2.2 immobilized on beads can capture
SVs in vitro.
DOES CaV2.2 REQUIRE SYNAPTOSOME FACTORS TO LINK TO
PURIFIED SVs?
The possibility remained that, despite the high salt wash, the
presynaptic CaV2.2 channels were co-puriﬁed with a presynaptic-
speciﬁc protein that acts as an adaptor to the SV. To gain insight
into this question we expressed CaV2.2 α1B in tsA201 cells (with
a CaVβ and α2-δ subunits that are necessary for efﬁcient expres-
sion) as previously described (Chan et al., 2007). The cells were
solubilized and the channels captured by IP as above for use in the
SV-PD and PD assays. The expressed immobilized CaV2.2 failed
to PD SV proteins from the RIPA solubilized SVs, but SV protein
markers were effectively recovered with intact SVs suspended in
the HB buffer (N = 3; Figure 5), consistent with recovery of the
intact SV. Thus, CaV2.2 derived from a non-presynaptic source
can capture SV. To some extent expression of RIM in these cells
varied with batches. Thus, faint protein bands were seen in these
experiments (Figure 5) but were almost undetectable in a later
batch (Gardezi et al., 2013).
CAN SVs BE CAPTURED BY THE CHANNEL C-TERMINAL?
To test for direct binding to the calcium channel we created anOne
Strep-taggedC-terminal fusion protein, C3strep, covering the distal
half of the C-terminal to its tip (see Gardezi et al., 2013). SV-PD
was carried out by incubating bead-immobilized C3strep with SVs
suspended in detergent-free buffer, using expressed vector as a
control. After wash, attached proteins were denatured and assayed
by WB, as above. Recovery of a number of SV proteins, including
RIM (2.96± 0.63U,N = 9; pt = 0 =<0.01), STG1 (0.25± 0.06U,
FIGURE 4 | SV-PD by synaptosome membrane CaV2.2. (A) CaV2.2
channels were captured by standard IP from synaptosome surface
membrane lysate using Ab571. Note: the band for this large ∼250 kD
protein often runs at a higher molecular weight. The IgG 50 kD band is also
shown. (B) CaV2.2 IP’d by Ab571, as in (A) was tested for SV marker
proteins by western blot. Most markers (SV2, STG1, and VAMP are shown)
were negative except STX1 (see text). (C,D)Two examples of SV capture by
CaV2.2 from separate experiments. The channel was immobilized from
synaptic membrane lysate as in (A) and was then washed in detergent-free
HB prior to incubation with a suspension of chick SVs (puriﬁed as above).
Controls were untreated beads (Beads) or Ab571 pre-blocked with its
immunoprecipitation peptide (pepAb571, N = 3) in (C) and pre-immune
rabbit IgG (RIgG) in (D) After rinsing in HB, captured proteins were
assessed byWB. Capture of SVs by only beads with pre-bound CaV2.2
(CaV2.2 SV-PD lanes) was indicated by the recovery of multiple protein
markers. The number of experiments carried out for SV protein Cav2.2
SV-PD was NSTG1 = 10; NSV2 = 6; NRIM = 6.
N = 6; pt = 0 = <0.01), and SV2 (0.28 ± 0.09 U, N = 7;
pt = 0 = <0.05), conﬁrmed capture of the SV (Figure 6).
DISCUSSION
The main ﬁnding in this report is that SVs can be captured by
intact CaV2.2 channels, either isolated from presynaptic terminals
or expressed in a mammalian cell line, and this capture can be
replicated using a distal C-terminal fusion protein. These ﬁndings
support the hypotheses that SVs scaffold directly to the channel
(Figure 1) and that the scaffolding can occur via the channel C-
terminal.
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FIGURE 5 | SV-PD by expressed CaV2.2. CaV2.2 channels were
expressed in tsA201 cells. Western blot of these cells exhibited bands
corresponding to the channel and also SV protein proteinsTsA201-CaV2.2.
The cells were solubilized in RIPA buffer and their CaV2.2 channels were
captured on IP beads, as described. The immobilized CaV2.2 was then
incubated either with either solubilized (CaV2.2 PD) or intact (CaV2.2
SV-PD) SVs, puriﬁed from chick brain as described.With the exception
of a faint band for RIM (contrast enhanced ), no SV proteins were
co-precipitated using the solubilized SVs (CaV2.2 PD), and hence, these
proteins were neither retained from the original cell lysate nor bind to the
channel directly from the solubilized SVs. However, marker proteins were
captured when the beads were exposed to intact SVs (CaV2.2 SV-PD),
consistent with capture of the entire SV, even though the lighter CaV2.2
band indicating that somewhat less IP beads were used. The un-evenness
in the STG1 band reﬂects a minor discontinuity in the gel (the antibody is
highly selective). STX1 serves here as an additional SV marker (as in
Figure 3). Similar results were observed in three separate experiments.
The in vitro assays used in this study require presynaptic mem-
brane and SV fractions from fresh brain tissue. The former was
used solely as the sourcematerial for the immobilization of CaV2.2
channels, the purity of which was ensured with a highly character-
ized speciﬁc antibody, Ab571 (Li et al., 2004; Gardezi et al., 2010).
We monitored the purity of SVs by Western blot of corresponding
fractions and demonstrate marked enrichment. Each SV capture
experiment was assayed using three or more SV protein mark-
ers to ensure that the assay reﬂected capture of SVs. It remains
possible, however, that other cytoplasmic vesicles or fragments,
that include at least one of the markers and that were co-captured
with CaV2.2 contributed to the protein bands. Dense core vesi-
cles (DCVs) are one possibility. While intact DCVs partition to a
deeper region of the gradient the SV fraction may contain DCV
membrane fragments (Walch-Solimena et al., 1993) that could be
FIGURE 6 | SV capture by the CaV2.2 distal C-terminal. C3strep was
immobilized on beads and used for SV-PD. The fusion protein is identiﬁed
on theWB by L4569, an antibody raised against the distal end of the
long-splice C-terminal region, but is negative for the control expressed
vector lane (StrepV ). C3strep SV-PD was evident from the much darker SV
protein bands than observed in the control lane. C3s trep SV-PD: NRIM = 9;
NSTG1 = 6; NSV2 = 7. In this example a trace amount of CaV2.2 was
observed in the SV fraction.
captured and could contribute to the STG1 protein band (Walch-
Solimena et al., 1993). In any case, the combination of a starting
material that is highly enriched for SVs, together with the multi
SV marker protein-detection approach is entirely consistent with
the capture of intact SVs by both CaV2.2 and its C-terminal fusion
protein.
The method developed in this report is based on two predeces-
sors: the ﬁrst is IA which was developed speciﬁcally to purify lipid
vesicles from cell membrane fractions, and second, the pull-down
method inwhich immobilizedproteins are used to capture binding
partners from cell lysates. The novelty here is in the use of a com-
plete, natural channel as bait to test for lipid organelle capture.
Since non-speciﬁc binding is more of an issue in detergent-free
PD experiments, results were limited to experiments where there
was little binding to the untreated bead or immobilized rabbit
IgG controls. Pre-blocked Ab571 controlled for the possibility
that a protein other than the channel is attached to the beads
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and responsible for SV capture. We anticipate that the set of
methods described herein will be highly utile for the analysis of
SV-release site interactions – and indeed any vesicle–protein inter-
action. The four approaches discussed above are complementary
and permit both the identiﬁcation of a cell biological interaction
and, ultimately, its analysis down to the level of speciﬁc amino
acids.
We do not know if the channel binds directly to integral SV
proteins or whether another protein(s) acts as a bridge. How-
ever, the ﬁnding that CaVs expressed in tsA201 cells can also
capture SVs supports the idea that the interaction is between the
channel and an integral or associated SV protein, and does not
require an additional bridge protein speciﬁc to nerve terminals.
Further, successful SV-PD using the C3strep fusion protein sup-
ports involvement of this channel region and argues strongly for
a direct cytoplasmic link. The molecular interaction proposed by
Kaeser et al. (2011) is of particular interest. Their genetic analysis
concludes that Rab3a on the SV binds to RIMacts as a bridge to the
PDZ domain on the tip of the C-terminal (in addition to linking
to the terminal via RBP2). An attractive feature of this model is
that, based on reasonable estimates for disordered and predicted
secondary structure, the distal end of the C-terminal may extend
as far as 200 nm into the cytoplasm, providing a means to capture
the SV from the nearby pool. Nonetheless, questions remain: ﬁrst,
we have repeatedly observed that while CaV2.2 and RIM co-vary
at the release sites of intact terminals, the molecular interaction as
assayed using biochemistry is weak (see also Figure 5, CaV2.2 PD
lane). To explain this anomaly we suggested that RIM is involved
in a switchable link (Wong and Stanley, 2010). A key role for the
channel C-terminal in SV tethering may guarantee a maximum
1:1 ratio of these entities as suggested recently (Xue et al., 2012).
CaV2.2 is the predominant presynaptic channel in chick but in
mammals CaV2.1 plays a more important role. Thus, we would
predict that the SV binding method would be conserved between
these channels. The C-terminals exhibit highly conserved regions,
including the tip PDZ-ligand domain (PDZ-LD). Further analysis
of themolecularmechanismof tethering, as assessed by the SV-PD
method, will be the subject of a future report.
It should be noted that while our ﬁndings support a direct
C-terminal-based SV tether, they do not rule out other poten-
tial channel–SV tethering interactions. Indeed, additional links
can be predicted based on estimates of inter-channel-SV distance
estimates using morphological (Heuser et al., 1974; Stanley, 1997;
Harlow et al., 2001; Stanley et al., 2003) or functional (Stanley,
1993; Mulligan et al., 2001; Weber et al., 2010) analyses which
locate the calcium sensor within ∼25 nm of the calcium chan-
nel pore. This is considerably shorter than even a conservative
prediction of the length of a 350-amino acid channel C-terminal.
A second attachment site could also explain how, in a two-armed
scaffold model (Wong and Stanley, 2010), the PDZ-LD could both
tether SVs while also contributing to channel scaffolding within
the release site (Han et al., 2011; Kaeser et al., 2011). The II–III
loop (Catterall, 1999) is a candidate a “secondary” tether mecha-
nism. Channel–SV interactions may involve a complex molecular
sequence that contributes to several steps in the docking-fusion
cycle, consistent with imaging of SV-membrane links as imaged
by EM tomography (Szule et al., 2012). We hypothesize that, con-
sidering its length, contactwith the distal tip of theC-terminalmay
represent the link in which the channel captures the SV from the
cytoplasm. Future studies will analyze themechanismwhereby the
channel C-terminal binds to the SV and will search for additional
SV tethering mechanisms.
ACKNOWLEDGMENTS
Technical assistancewas provided by FenghaoXu; advice and assis-
tance with cloning byDr Shuzo Sugita who also provided theG130
antibody. We are thankful for suggestions from Sabiha Gardezi,
Robert Chen, and Dr William Trimble. This work was funded
by CIHR award MOP 86599 and CRC to Elise F. Stanley and an
Ontario Graduate Scholarship award to Fiona K. Wong.
REFERENCES
Bucurenciu, I., Kulik, A., Schwaller, B.,
Frotscher, M., and Jonas, P. (2008).
Nanodomain couplingbetweenCa2+
channels and Ca2+ sensors pro-
motes fast and efﬁcient transmit-
ter release at a cortical GABAergic
synapse. Neuron 57, 536–545. doi:
10.1016/j.neuron.2007.12.026
Catterall, W. A. (1999). Interactions
of presynaptic Ca2+ channels and
snare proteins in neurotransmitter
release. Ann. N. Y. Acad. Sci.
868, 144–159. doi: 10.1111/j.1749-
6632.1999.tb11284.x
Chan, A. W., Khanna, R., Li, Q., and
Stanley, E. F. (2007). Munc18: a
presynaptic transmitter release site N
type (CaV2.2) calcium channel inter-
acting protein. Channels 1, 11–20.
doi: 10.4161/chan.3694
Coppola, T., Magnin-Luthi, S., Perret-
Menoud, V., Gattesco, S., Schiavo, G.,
and Regazzi, R. (2001). Direct inter-
action of the Rab3 effector RIM with
Ca2+ channels, SNAP-25, and synap-
totagmin. J. Biol. Chem. 276, 32756–
32762. doi: 10.1074/jbc.M100929200
Eggermann, E., Bucurenciu, I.,
Goswami, S. P., and Jonas, P. (2011).
Nanodomain coupling between
Ca2+ channels and sensors of exo-
cytosis at fast mammalian synapses.
Nat. Rev. Neurosci. 13, 7–21. doi:
10.1038/nrn3125
Gardezi, S. R., Taylor, P., and Stan-
ley, E. F. (2010). Long C terminal
splice variant CaV2.2 identiﬁed in
presynaptic membrane by mass spec-
trometric analysis. Channels (Austin)
4, 58–62. doi: 10.4161/chan.4.1.
10364
Gardezi, S. R., Taylor, P., and Stan-
ley, E. F. (2013). Inter-channel scaf-
folding of presynaptic CaV2.2 via
the C terminal PDZ ligand domain.
Biology Open 2, 492–498. doi:
10.1242/bio.20134267
Gruner, W., and Silva, L. R. (1994).
Omega-conotoxin sensitivity and
presynaptic inhibition of glutamater-
gic sensory neurotransmission in
vitro. J. Neurosci. 14, 2800–2808.
Han, Y., Kaeser, P. S., Sudhof, T. C., and
Schneggenburger, R. (2011). RIM
determinesCa2+ channel density and
vesicle docking at the presynaptic
active zone. Neuron 69, 304–316. doi:
10.1016/j.neuron.2010.12.014
Harlow, M. L., Ress, D., Stoschek, A.,
Marshall, R. M., and McMahan, U.
J. (2001). The architecture of active
zone material at the frog’s neuromus-
cular junction. Nature 409, 479–484.
doi: 10.1038/35054000
Heuser, J. E., Reese, T. S., and Lan-
dis, D. M. D. (1974). Functional
changes in frog neuromuscular junc-
tions studied with freeze fracture. J.
Neurocytol. 3, 109–131. doi: 10.1007/
BF01111936
Huttner,W. B., Ohashi,M., Kehlenbach,
R. H., Barr, F. A., Bauerfeind, R.,
Bräunling, O., et al. (1995). Biogen-
esis of neurosecretory vesicles. Cold
Spring Harb. Symp. Quant. Biol. 60,
315–327.
Juhaszova, M., Church, P., Blaustein, M.
P., and Stanley, E. F. (2000). Loca-
tion of calcium transporters at presy-
naptic terminals. Eur. J. Neurosci.
12, 839–846. doi: 10.1046/j.1460-
9568.2000.00974.x
Kaeser, P. S., Deng, L., Fan, M., and
Sudhof, T. C. (2012). RIM genes dif-
ferentially contribute to organizing
presynaptic release sites. Proc. Natl.
Acad. Sci. U.S.A. 109, 11830–11835.
doi: 10.1073/pnas.1209318109
Kaeser, P. S., Deng, L., Wang, Y.,
Dulubova, I., Liu, X., Rizo, J.,
et al. (2011). RIM proteins tether
Ca2+ channels to presynaptic active
zones via a direct PDZ-domain inter-
action. Cell 144, 282–295. doi:
10.1016/j.cell.2010.12.029
Khanna, R., Li, Q., and Stanley, E. F.
(2006a). Fractional recovery analysis
of a presynaptic synaptotagmin
1-anchored endocytic protein
Frontiers in Cellular Neuroscience www.frontiersin.org June 2013 | Volume 7 | Article 101 | 8
“fncel-07-00101” — 2013/6/28 — 11:40 — page 9 — #9
Wong et al. CaV2.2 tethering of synaptic vesicles
complex. PLoS ONE 1:e67. doi:
10.1371/journal.pone.0000067
Khanna, R., Sun, L., Li, Q., Guo,
L., and Stanley, E. F. (2006b).
Long splice variant N type cal-
cium channels are clustered at
presynaptic transmitter release sites
without modular adaptor pro-
teins. Neuroscience 138, 1115–1125.
doi: 10.1016/j.neuroscience.2005.
12.050
Khanna, R., Zougman, A., and Stanley,
E. F. (2007). A proteomic screen for
presynaptic terminal N-type calcium
channel (CaV2.2) binding partners.
J. Biochem. Mol. Biol. 40, 302–
314. doi: 10.5483/BMBRep.2007.40.
3.302
Kiyonaka, S., Wakamori, M., Miki,
T., Uriu, Y., Nonaka, M., Bito, H.,
et al. (2007). RIM1 confers sustained
activity and neurotransmitter vesicle
anchoring to presynaptic Ca2+ chan-
nels. Nat. Neurosci. 10, 691–701. doi:
10.1038/nn1904
Li, Q., Lau, A., Morris, T. J., Guo, L.,
Fordyce, C. B., and Stanley, E. F.
(2004). A syntaxin 1, Galpha(o), and
N-type calcium channel complex at a
presynaptic nerve terminal: analysis
by quantitative immunocolocaliza-
tion. J. Neurosci. 24, 4070–4081.
doi: 10.1523/JNEUROSCI.0346-
04.2004
Lisman, J. E., Raghavachari, S., and
Tsien, R. W. (2007). The sequence
of events that underlie quantal
transmission at central glutamater-
gic synapses. Nat. Rev. Neurosci. 8,
597–609. doi: 10.1038/nrn2191
Maximov, A., and Bezprozvanny, I.
(2002). Synaptic targeting of N-type
calcium channels in hippocampal
neurons. J. Neurosci. 22, 6939–6952.
Mulligan, S. J., Davison, I., and Delaney,
K. R. (2001). Mitral cell presynaptic
Ca(2+) inﬂux and synaptic transmis-
sion in frog amygdala. Neuroscience
104, 137–151. doi: 10.1016/S0306-
4522(01)00057-4
Saisu, H., Ibaraki, K., Yamaguchi, T.,
Sekine, Y., and Abe, T. (1991). Mono-
clonal antibodies immunoprecipitat-
ing omega-conotoxin-sensitive cal-
cium channel molecules recognize
two novel proteins localized in the
nervous system. Biochem. Biophys.
Res. Commun. 181, 59–66. doi:
10.1016/S0006-291X(05)81381-6
Schmidt, H., Brachtendorf, S., Arendt,
O., Hallermann, S., Ishiyama, S.,
Bornschein, G., et al. (2013). Nan-
odomain coupling at an excitatory
cortical synapse. Curr. Biol. 23, 244–
249. doi: 10.1016/j.cub.2012.12.007
Sheng, Z. H., Rettig, J., Takahashi, M.,
and Catterall, W. A. (1994). Iden-
tiﬁcation of a syntaxin-binding site
on N-type calcium channels. Neuron
13, 1303–1313. doi: 10.1016/0896-
6273(94)90417-0
Sheng, Z. H., Westenbroek, R. E., and
Catterall, W. A. (1998). Physical link
and functional coupling of presynap-
tic calcium channels and the synaptic
vesicle docking/fusion machinery. J.
Bioenerg. Biomembr. 30, 335–345.
doi: 10.1023/A:1021985521748
Sivaramakrishnan, S., and Laurent,
G. (1995). Pharmacological char-
acterization of presynaptic calcium
currents underlying glutamatergic
transmission in the avian auditory
brainstem. J. Neurosci. 15, 6576–
6585.
Stanley, E. F. (1991). Single calcium
channels on a cholinergic presynaptic
nerve terminal. Neuron 7, 585–591.
doi: 10.1016/0896-6273(91)90371-6
Stanley, E. F. (1993). Single calcium
channels and acetylcholine release at
a presynaptic nerve terminal. Neuron
11, 1007–1011. doi: 10.1016/0896-
6273(93)90214-C
Stanley, E. F. (1997). The calcium
channel and the organization of the
presynaptic transmitter release face.
Trends Neurosci. 20, 404–409. doi:
10.1016/S0166-2236(97)01091-6
Stanley, E. F., and Atrakchi, A. H.
(1990). Calcium currents recorded
from a vertebrate presynaptic nerve
terminal are resistant to the dihy-
dropyridine nifedipine. Proc. Natl.
Acad. Sci. U.S.A. 87, 9683–9687. doi:
10.1073/pnas.87.24.9683
Stanley, E. F., Reese, T. S., and
Wang, G. Z. (2003). Molecular scaf-
fold reorganization at the transmitter
release site with vesicle exocytosis or
botulinum toxin C1. Eur. J. Neurosci.
18, 2403–2407. doi: 10.1046/j.1460-
9568.2003.02948.x
Szule, J. A., Harlow, M. L., Jung, J. H.,
De-Miguel, F. F., Marshall, R. M.,
and McMahan, U. J. (2012). Regu-
lation of synaptic vesicle docking by
different classes of macromolecules
in active zone material. PLoS ONE
7:e33333. doi: 10.1371/journal.pone.
0033333
Takamori, S., Holt, M., Stenius,
K., Lemke, E. A., Gronborg,
M., Riedel, D., et al. (2006).
Molecular anatomy of a trafﬁcking
organelle. Cell 127, 831–846. doi:
10.1016/j.cell.2006.10.030
Walch-Solimena, C., Blasi, J., Edel-
mann, L., Chapman, E. R., Von
Mollard, G. F., and Jahn, R. (1995).
The t-SNAREs syntaxin 1 and SNAP-
25 are present on organelles that
participate in synaptic vesicle recy-
cling. J. Cell Biol. 128, 637–645. doi:
10.1083/jcb.128.4.637
Walch-Solimena, C., Takei, K., Marek,
K. L., Midyett, K., Sudhof, T.
C., De Camilli, P., et al. (1993).
Synaptotagmin: a membrane con-
stituent of neuropeptide-containing
large dense-core vesicles. J. Neurosci.
13, 3895–3903.
Weber, A. M., Wong, F. K., Tufford, A.
R., Schlichter, L. C., Matveev, V., and
Stanley, E. F. (2010). N-type Ca2+
channels carry the largest current:
implications for nanodomains and
transmitter release. Nat. Neurosci.
13, 1348–1350. doi: 10.1038/
nn.2657
Wong, F. K., and Stanley, E. F.
(2010). Rab3a interacting molecule
(RIM) and the tethering of pre-
synaptic transmitter release site-
associated CaV2.2 calcium chan-
nels. J. Neurochem. 112, 463–
473. doi: 10.1111/j.1471-4159.2009.
06466.x
Xue, L., Zhang, Z., McNeil, B. D.,
Luo, F., Wu, X. S., Sheng, J., et al.
(2012). Voltage-dependent calcium
channels at the plasma membrane,
but not vesicular channels, couple
exocytosis to endocytosis. Cell Rep. 1,
632–638. doi: 10.1016/j.celrep.2012.
04.011
Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or ﬁnancial relationships that
could be construed as a potential con-
ﬂict of interest.
Received: 26 April 2013; paper pend-
ing published: 13 May 2013; accepted:
10 June 2013; published online: 28 June
2013.
Citation: Wong FK, Li Q and Stan-
ley EF (2013) Synaptic vesicle capture
by CaV2.2 calcium channels. Front.
Cell. Neurosci. 7:101. doi: 10.3389/
fncel.2013.00101
Copyright © 2013 Wong, Li and Stan-
ley. This is an open-access article dis-
tributed under the terms of the Creative
Commons Attribution License, which
permits use, distribution and reproduc-
tion in other forums, provided the origi-
nal authors and source are credited and
subject to any copyright notices concern-
ing any third-party graphics etc.
Frontiers in Cellular Neuroscience www.frontiersin.org June 2013 | Volume 7 | Article 101 | 9
